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Section  3 of  this  report  describes  the  development  of  a new 
technique  in  which  excitation  by  ultraviolet  light  is  used  to  photoinject 
carriers  into  the  insulator,  and  surface  charging  by  corona  ions  is  used 
to  provide  the  electric  field  required  for  transport.  The  use  of  corona 
charging  eliminates  the  need  for  p metallic  field  plate,  and  the  use  of  UV 
light  for  photoinjecting  carriers  provides  a degree  of  freedom  not 
present  in  the  original  corona  method.  New  results  obtained  by  use  of  the 
combined  UV-corona  method  are  also  presented. 

Interface  states  are  of  great  concern  in  MIS  structures,  and  we 

have  found  previously  that  interface  states  are  generated  in  the  Si/SiO 

22  ^ 

system  upon  exposure  to  a sufficiently  high  field.  If  the  high  field  is 
applied  at  liquid  nitrogen  temperature  and  then  removed,  the  interface 
states  do  not  appear  until  the  sample  is  warmed.  An  exploration  of  this 
phenomenon,  and  of  the  information  that  can  be  derived  from  it,  is  given 
in  Section  4 of  this  report. 

The  catastrophic  breakdown  of  an  insulator  Is  preceded  by  an 
instability  which  develops  on  a time  scale  that  under  some  circumstances 
is  very  fast  and  under  other  circumstances  can  be  very  slow.  Some  recent 
work  on  this  instability  is  described  in  Section  5. 

Lateral  nonuniformities,  such  as  ion  aggregations  and  localized 
faults,  can  severely  affect  the  performance  of  devices  based  on  the  MIS 
structure,  and  it  is  important  to  be  able  to  Identify  and  characterize 
any  nonuniformities  that  may  be  present.  In  Section  6 of  this  report  we 
describe  the  development  of  techniques  for  using  the  scanning  electron 
microscope  in  the  study  of  lateral  nonuniformities,  and  we  summarize  some 
of  the  more  important  results  that  have  been  obtained  on  the  Si-Si02 
system  by  this  means. 
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2_u  FURTHER  CORONA-CHARGING  STUDIES  OF  SILICON  DIOXIDE 
(H.  S.  Lee  collaborating) 

2 ,1 . Introduction 

We  have  previously  reported  on  the  development  of  corona- 
charging techniques  for  the  study  of  high-field  phenomena  in  thin 
insulating  films,  including  the  high-field  injection  of  charge  carriers 
and  the  transport  and  trapping  of  the  carriers,  and  we  have  described 
results  obtained  by  the  use  of  these  techniques  on  thermally  grown 
silicon  dioxide.  * ’ The  use  of  a corona  discharge  in  a gas  at 

atmospheric  pressure  to  contact  the  unmetallized  surface  of  an  insulating 
film  provides  a powerful  and  convenient  means  for  studying  high-field 
processes , for  the  virtual  absence  of  lateral  surface  conduction  allows 

the  use  jf  very  high  field  intensities  - tantamount  to  breakdown  - without 
destruction  of  the  films. 

Here  we  present  the  results  of  further  corona  studies  of  the  Si-SiO 
system,  including  (a)  the  observation  and  interpretation  of  positive 
charging  in  the  oxide  when  the  surface  is  charged  positively  to  fields 
greater  than  about  7.5  x 10  V/cm,  and  fb)  the  determination  of  a threshold 
field  for  the  generation  of  electron  traps  in  the  oxide  when  the  surface 
is  charged  negatively. 

2*2.  Positive  Oxide  Charging  Under  Positive  Ccrona  Charging 

We  have  previously  shown  that  when  the  surface  of  a thin, 
thermally  grown  film  of  Si02  is  charged  to  a sufficiently  high  positive 
potential,  a current  flows  which  is  due  to  the  Fowler-No rdheim  tunneling 
of  electrons  from  the  conduction  band  of  the  silicon  into  the  conduction 
band  of  the  oxide  with  subsequent  transport  to  the  front  surface.^’^^*^^ 
This  mechanism  has  previously  been  proposed  by  Lenzingler  and  Snow24  and 
by  Williams  and  Woods.  Since  the  charge  injection  is  by  tunneling,  the 
observed  currents  are  a very  strong  function  of  the  electric  field.  In  a 
good  film  of  silicon  dioxide  thermally  grown  on  a silicon  substrate,  the 


electron  tunneling  current  is  of  the  order  of  10_11  A/ cm2  at  a field  of 

5.6  x 10  V/cm  and  of  the  order  of  10"7  A/cm2  at  a field  of  6.5  x 106  V/cm.3’* 

Charge  trapping  in  the  oxide  is  negligible  under  these  conditions. 

More  recently  we  have  found  that  at  oxide  fields  of  + 7-8  x 106  V/cm 
(the  + sign  referring  to  the  polarity  of  the  surface),  a positive  charge 
builds  up  within  the  oxide.  The  presence  of  this  charge  increases  the 
magnitude  of  the  electric  field  at  the  Si-Si02  interface  and  thus  acts 
to  enhance  the  electron  tunneling.  Consequently,  the  charge  buildup  is 
important  to  both  the  current-voltage  characteristics  and  the  breakdown 
properties  of  the  structure,  and  deserves  close  consideration. 

Our  experiments  were  performed  on  HCl-steam-grown  oxides  on 
1-2  ohro-cm  (100)  silicon  substrates.  Both  n-type  and  p-type  substrates 
were  used.  A typical  result  is  shown  by  the  C-V  curves  of  Fig.  21,  which 

O 

were  obtained  with  a sample  having  a 2500  A oxide  grown  on  a p— type  sub- 
strate. Curve  1 of  that  figure  is  the  high-frequency  (1  MHz)  C-V  character- 
istic of  the  sample  in  its  original  condition.  In  order  to  check  for 
possible  sodium  contamination,  the  surface  of  the  sample  was  charged 
positively  to  an  oxide  field  of  approximately  6 x 106  V/cm,  placed  in  a 
vacuum  chamber  which  was  then  pumped  down  to  10-6  tori:,  and  was  heated  to 
150 °C  for  15  min.  This  treatment  should  drive  any  sodium  to  the  Si-Si02 
interface,  where  its  effect  would  show  up  as  a negative  shift  of  the  C-V 
curve.  To  make  sure  that  the  drift  field  remained  during  the  anneal,  the 
surface  potential  was  measured  after  the  anneal,  and  showed  an  electric 
field  remaining  of  approximately  5 x 106  V/cm.  The  result  of  the  foregoing 
bias-temperature  stress  is  shown  by  Curve  2 of  Fig.  2.1.  The  effect  is 
seen  to  be  very  small,  indicating  that  ionic  contamination  was  not  an 
important  factor  in  the  final  results. 

The  principal  experiment  was  then  performed.  Positive  corona  in 
a helium  atmosphere  was  used  to  produce  an  initial  oxide  field  of  approx- 
imately 7.5  x 10  V/cm.  The  corresponding  current  density  was  0.87  x 
"■*6  2 

10  A/cm  , and  the  intensity  of  the  corona  was  regulated  to  keep  the 
current  constant  at  this  value.  At  intervals  the  corona  charging  was 
interrupted  briefly  and  a C-V  curve  was  taken  to  provide  a measure  of  the 
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charge  stored  in  the  oxide.  The  results  after  charging  firms  « >•  «>• 

and  100  min . are  shown  by  Curves  3.  4,  and  5,  respectively,  of  Fig.  2.1. 

The  storage  of  positive  charge  in  the  oxide  is  shown  by  the  leitwar 

shift  of  the  C-V  curves.  It  should  be  emphasised  that  no  such  shl.t  was 

■iimit-oiv  7 x 10^  V/cm.  In  addition  to 
found  at  fields  smaller  than  approximately  7 x 10  v/c 

the  lateral  shift.  Curves  3,  4,  and  5 of  Fig.  2.1  show  some  stretchout 
which  was  identified  by  G-V  measurement.^  be  the  result  of  interface 

states,  not  of  lateral  nonuniformities. 

In  qualitative  correspondence  to  the  leftward  shift  o t e 
curves,  the  maintenance  of  a constant  value  of  corona-induced  current 
required  a progressive  reduction  in  the  Intensity  of  the  corona.  A 
correlation  of  this  reduction  with  the  leftward  C-V  shift  was  not  attempt 
because  of  the  difficulty  in  making  a sufficiently  accurate  measurement  o 
Che  surface  potential,  for  at  these  large  currents  the  surface  potential 
drops  rapidly  when  the  corona  is  removed,  end  a subsequent  Kelvin-prob 

measurement  yields  a result  that  is  somewhat  too  low. 

In  order  to  determine  the  effect,  if  any,  of  the  front 
conditions  and  of  the  type  of  substrate,  the  experiment  deecrlbed  above 
was  performed  on  fresh  samples  as  follows: 

2500  A SiO  on  p-type  substrate: 

Positive  corona  charging  in  nitrogen  atmosphere. 

Positive  corona  charging  in  helium 

Positive  voltage  applied  to  aluminum  field  plate. 

O 

2500  A Si0_  on  n-type  subBtrate: 

Positive  corona  charging  in  nitrogen  atmosphere. 

3500  A Si0„  on  p-type  substrate: 

Positive  corona  charging  in  nitrogen  atmosphere. 

Positive  corona  charging  in  dry  air. 

, . . , Fll!  2 2 in  terms  of  the  effective  density  of 

The*  results  are  plotted  in  rig« 

trapped  positive  charges,  <.  thar  would  be  required  to  produce  the  observed 
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C-V  shift  if  all  of  the  charges  were  trapped  at  the  Si-Si02  interface. 

This  density  was  computed  from  the  voltage  shift  of  the  C-V  curves  at  the 

point  where  the  Fermi  level  in  the  substrate  was  at  silicon  midgap 

rather  than  at  the  flatband  point,  as  there  is  some  evidence  that  midgap 

22 

is  the  position  at  which  the  interface  states  are  neutral.  It  is  seen 
that  essentially  identical  results  are  obtained  with  all  gases  and  also 
with  an  aluminum  field  plate,  indicating  that  the  condition  of  the  front 
surface  is  not  a determining  factor.  The  number  of  trapped  charges  below 
the  saturation  value  is  seen  to  vary  approximately  linearly  with  time,  and 
the  saturation  is  remarkably  abrupt. 

The  positive  oxide  charge  could  be  annealed  out  essentially 
completely  by  heating  the  sample  in  vacuum  at  100  eC  for  30  min.  The 
charge  was  stable  for  this  amount  of  time  at  room  temperature . The 
annealing  of  the  samples  with  field  plates  was  carried  out  with  the  field 
plates  short  circuited  to  the  substrate.  Before  annealing  the  bare  samples, 
the  surface  charge  remaining  from  the  positive  corona  charging  was  first 
neutralized  by  exposure  to  negative  corona  until  the  surface  potential  had 
been  reduced  to  between  zero  and  -1  V.  This  resulted  in  no  apparent 
change  in  charge  storage.  The  samples  were  then  annealed  in  vacuum  as 
indicated  above. 

The  positive  charge  stored  in  the  samples  with  metal  field  plates 
could  be  ro^uced  appreciably,  by  2-6  V,  by  holding  the  gate  voltage  at 
160-170  \ for  one  hour.  These  gate  voltages  are  20-30  volts  lower  than  the 
values  which  cause  positive  oxide  charging,  but  are  large  enough  to  cuase 
a continued  electron  injection  from  the  substrate  into  the  insulator. 

From  the  fact  that  the  positive  trapped  oxide  charge  can  be.  electronically 
bleached  in  this  manner,  as  well  as  from  the  low  temperatures  required 
for  thermal  annealing,  we  conclude  that  the  positive  trapped  charge  was 
that  of  holes,  not  of  positive  ions. 

The  origin  of  the  trapped  holes  is  of  great  interest.  The  lack 
of  front-surface  dependence  shown  in  Fig.  2.2  argues  strongly  against 
hole  injection  from  this  surface.  A more  likely  source  of  the  holes  is 
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impact  ionization  within  the  bulk  of  the  Si02  caused  by  a few  of  the 
transiting  electrons  which  attain  sufficiently  large  kinetic  energies 
(>  9 eV)  in  the  high  electric  field  to  create  hole-electron  pairs. 
Calculation  shows  that  in  the  linear  portion  of  Fig.  2.2,  the  ratio  of 
trapped  holes  to  total  injected  electrons  is  approximately  4 x 10  \ 

The  interpretation  in  terms  of  impact  ionization  is  identical  with  the 
explanation  given  by  Yang,  Johnson,  and  Lampert^  for  a slow  instability, 
leading  to  breakdown,  that  has  been  observed  in  MIS  structures  under 
high  field  conditions,  and  is  the  mechanism  proposed  by  DiStefano  and 
Shatzkes  for  dielectric  breakdown.  The  corona-charging  technique 
permits  the  study  of  this  phenomenon  under  controlled,  nondestructive 
conditions . 

The  lack  of  dependence  on  thickness  and  the  abrupt  saturation 

shown  in  Fig.  2.2  deserve  further  attention.  When  penetrating  radiation 

is  used  to  produce  hole-electron  pairs  in  the  insulator  of  an  MIS 

structure,  the  number  of  generated  holes  is  equal  to  the  number  of  generated 

electrons  and  is  directly  proportional  to  the  thickness  of  the  insulator. 

Our  conditions  here,  however,  are  somewhat  different,  for  the  number  of 

electrons  in  our  experiment  far  exceeds  the  number  of  holes.  A possible 

explanation  is  that  the  flux  of  holes  arriving  at  the  Si-Si02  interface 

under  the  conditions  of  our  experiment  is  reconbination-limited,  so  that 

the  holes  produced  far  from  the  interface  are  recombined  and  do  not  reach 

23 

the  hole  traps  at  the  interface.  The  sharp  saturation  shown  in  Fig.  2.2 
is  extremely  interesting,  but  we  have  no  adequate  model  to  offer  for  this 
at  the  present  tima. 

2.3.  High-Field  Generation  of  Electron  Traps  in  Silicon  Dioxide 

We  have  previously  reported  the  observation  that  a positive 

stored  charge  appears  in  thermally  grown  silicon  dioxide  when  the  surface 

of  the  oxide  is  charged  with  negative  corona  ions  to  an  oxide  field  greater 

7 20  21 

than  (1.1  +0.1)  x 10  V/cm,  ’ The  positive  charge  appears  to  be  that 
— 20 

of  trapped  holes,  and  it  has  been  suggested  that  the  source  of  the  holes 
is  the  silicon  substrate. 


More  recently,  we  have  reported  on  the  discovery  thet  negative 
corona  charging  to  a sufficiency  high  field  has  the  additional  effect 
of  genera ting^substantlal  concentrations  of  electron  traps  within  the 
oxide.  - • n,  magnitude  of  the  electric  field  required  for  generation 

of  the  electron  traps  is  of  considerable  interest,  and  we  give  here  the 
results  of  experiments  designed  to  determine  the  threshold.  The  technique 
used  for  this  determination  was  as  follows:  The  surface  of  the  sample 

was  first  charged  with  negative  corona  ions  to  produce  a given  electric 
field  in  the  oxide.  To  determine  whether  electron  traps  had  been  generated 
by  tnis  process,  electrons  were  tunnel-injected  from  the  substrate  into 
the  oxide  by  Charging  the  surface  with  positive  ions.  The  objectives  of 
the  electron  injection  were  (a)  to  neutralize  any  trapped  holes,  whose 
presence  would  tend  to  obscure  the  trapping  „f  electrons,  end  fb)  to 
fill  any  electron  traps  that  might  be  present.  The  electric  field  in  the 
oxide  during  the  electron  injection  was  kept  below  7 x 106  V/cm  to  avoid 
positive  charge  buildup  from  this  source  (Sec.  1.2).  A high-frequency 
(1  MHz)  C-V  curve  was  then  taken  to  detect  any  charge  storage  in  the  oxide 
The  sequence  of  experiments  was  then  repeated,  starting  with  negative 
surface  charging  at  a larger  field  than  before. 

figure  2.3  shows  the  results  obtained  from  a typical  series  of 
Steps  as  described  above.  The  sample  had  a p-type  silicon  substrate  with 
(100)  orientation  and  a resistivity  of  10  otar-cm.  The  oxide  film  was 
grown  in  dry  oxygen  to  a thickness  of  1750  A.  The  corona  charging  of  the 
sample  was  carried  out  in  an  atmosphere  of  dry  air.  Curve  1 of  Fig.  2.3 
is  the  original  C-V  characteristic  of  the  sample.  Curve  2 shows  the 
relatively  small  effect  produced  by  a 15-mln  injection  of  electrons  from 
the  substrate  into  the  oxide,  using  positive  corona  charging  at  an 
insulator  field  of  6.6  x 106  v/cm  in  the  „nner  described  in  the  preceding 
paragraph  Curve  J^obtainid  after  negative  corona  charging  for  5 min  at 

-9.4x10  V/cm,  is  also  relatively  unchanged  from  the  original. 
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3 ' ggyNEP  CORONA_ANd  PHOTOEMISSION  TrrHmnirpc 
CH . H . Chao  collaborating)  ’ ^ 

^ ^ • Background  Discuss^n 

study  of  Tr  rh°t0emlaBl?7  $5aS  bCC"  8h°™  “ « useful  tool  f„r  the 

. Interface  properties,27  trapping  phenomena,27-28  a„d  lo„ 

2Tr  ^ In8Ulat<,r°-30'32  18  - — 2 experiments , metal- 

» h i 17  nd“t0r  <MIS)  and  (HIM,  capacitors 

with  semi-transparent  petal  gates  are  used.  When  UV  light  is  incident  on 

ample,  he  photocurrent  is  due,  in  general,  to  the  emission  of  both 

electrons  and  holes  from  the  negatively  and  positively  biased  electrodes 

respectively.  Optical  interference  can  be  used  as  a tool  to  ascertai  he 

contributions  of  electron  and  hole  emission  to  the  photocurreat ,36  « 

o hole  and  electron  photocurrents  are  significant,  the  interpretation  of 

he  results  of  internal  photoemission  experiments  is  very  difficult 

Fortunately,  in  „t  cases,  the  contribution  of  one  carrier  can  be 

neglected.  Hole  currents  are  negligible  in  both  silicon  dioxide36  and 

uminum  oxide  - insulators,  and  electron  photocurrents  are  negligible 

in  1 icon  nitride.33  However,  this  makes  the  internal  photoemission 

77”  Un8Ul“ble  £°r  8tUdylng  Pr°Pertle°  °f  h"188  16  °2Hco„ 

:i:;;:  “d  oxide  and  the  properties  of  electrons  in  silicon 

In  order  to  overcome  this  difficulty,  ions  instead  of  a metal 

gate  can  be  used  to  provide  the  necessary  electric  field  in  the  insulator. 

purpose  here  is  to  make  the  injection  of  carriers  from  the  front 

sur  ace  negligible  compared  with  the  injection  of  carriers  from  the 
substrate. 

the  ions  77  “ at"°8PherIC  T 68  used  to  provide 

ions  If  the  unmetallized  surface  of  the  insulator  is  charged 

s positive  ions  from  a corona  discharge  and  the  corona  is  thereupon 
of  two”  7s  P°6ltiVa  Charga  retal-ed  °"  the  8UlfaCe  b8  88188  18  8l8-« 

(2)  Excess  h !78tICkIn8  t0  tKe  8Urf8C8  throueh  inage-force  attraction. 
C ) Excess  holes  in  surface  states  at  the  front  surface. 

When  the  surface  potential  is  kept  relativelv  * 

pc  relatively  low,  tunneling  currents  can 


be  neglected  and  the  surface  potential  will  remain  constant  in  the  dark. 

When  light  with  a photon  energy  smaller  than  the  band  gap  of  the  insulator 
is  incident  on  the  sample,  the  surface  potential  can  decrease  through  either 

of  two  processes: 

(I)  Electrons  may  be  emitted  into  the  insulator  from  the  substrate 

and  drift  to  the  front  surface  where  they  neutralize  the  surface 

charge. 

(II)  The  photons  may  excite  electrons  from  the  valence  band  of  the 
insulator  to  the  surface  states  at  the  front  surface,  leaving 
holes  in  the  valence  band  which  may  thereupon  drift  toward  the 

substrate. 

Optical  interference  techniques  can  be  used  to  determine  which  of  the 
foregoing  charge  neutralization  processes,  (I)  or  (II),  Is  the  dominant  one. 

3.2.  Analysis  of  the  Optical  interference  Technique 

If  charge-carrier  trapping  and  recombination  in  the  insulator  can 

be  neglected,  the  change  in  surface  potential, AVg,  can  be  written  as 

|AVs|/Ci  - |Qj  + |QSI  (3,1) 

where  C is  the  insulator  capacitance,  is  the  charge  injected  at  the 
substrate -ins  ul at  or  interface  (Process  I of  the  preceding  section) , and 
Q is  the  injection  of  charge  at  the  surface  (Process  II  of  the  preceding 
section).  The  magnitudesof  Q±  and  Qg  are  respectively  given  by 

|Q  | - q Ai(hv)  T(hv)  F (3,2) 

|Qa|  - q As(hv)  R(hv)  F (3’3) 

where  q is  the  magnitude  of  the  electronic  charge,  F is  the  fluence  of  he 
incident  wmochromatic  light,  A(hv)  is  the  quantum  yield  for  a photon  with 
energy  hv,  T(hv)  is  the  transmittance  of  the  light  into  the  substrate, 

and  R(hv)  is  defined  as 


R(hv)  - 


where  E+  and  e“  are  the  amplitudes  of  the  incident  and  reflected  waves, 
respectively.  For  the  internal  photoemission  of  electrons  from  a netal 
or  semiconductor  into  an  insulator, 

Ai(hv)  - B(hv  - <j>b)p 

where  B is  a constant,  <f>b  is  the  barrier  height,  and  p is  a constant  which 
depends  on  the  substrate  . 2 7~35,39,40 

The  functional  form  of  A (hv)  is  not  known.  However,  it  is 
reasonable  to  assume  that  it  is  a monotonically  increasing  function  of 
hv.  R and  T are  oscillatory  functions  of  hv  as  shown  in  Fig.  3.1.  The 
maxima  (minima)  points  of  R and  T occur  for  nearly  the  same  photon  energy, 
but  the  amplitudes  of  oscillation  of  R and  T are  quite  different.  Hence 
R/T  and  T/R  will  oscillate  with  quite  large  amplitudes  as  shown  in  Fig. 

3.2.  The  location  of  the  maxima  (minima)  points  of  T/R  and  R/T  depend  on 
the  refractive  indices  of  the  substrate  and  insulator  and  the  thickness 
of  the  insulator.  By  choosing  a proper  insulator  thickness,  we  can  have 
several  maxima  (minima)  located  in  the  range  of  the  photon  energy  which 
we  are  interested.  The  maxima  of  R/T  and  T/R  are  much  larger  than  unity; 
the  minima  of  R/T  and  T/R  are  much  smaller  than  unity. 

The  effect  of  R/T  on  the  (AVj/qC^TF  and  |AVs|/qC  RF  vs.  hv  plots 
can  be  seen  more  clearly  if  we  rewrite  Eq.  (3.1)  as 

lAvsl  [ R A (hv)l 

qC^TF  " Ai  (hv)  j^1  + f A^h^TJ  (3 -4> 

or  alternatively  as 

Kl  fTAi(hv)  -i 

q^RF  " As(hv)[R  As(hv)  + XJ  <3--> 

In  the  following,  we  will  discuss  how  to  use  the  oscillating 
property  of  R/T  and  T/R  to  find  the  contribution  of  each  process  to  the 
photocurrent  from  the  lAVj/q^TF  vs.  hv  plot  and/or  the  fAVJ/qC^RF  vs. 
hv  plot. 
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separately. 


We  will  discuss  three  different  situations 

^ If  the  c [Ays ! /qC^TF)  vs.  hv  plot  is  a straight  line. 

From  Eq.  (3.4),  this  can  be  true  if  and  only  if  — - 8 1 ^ <<  ^ 

for  all  hv.  Since  (R/T)^  can  be  quite  large,  Ag(hv)  shSiT 

much  smaller  than  A^(hv);  i.e,,  the  hole  photocurrent  is  negligible. 

(B)  If  the  i AVg i /qC^RF  vs.  hv  plot  is  a simple  monotonic  function  of  hv 
without  any  structure  of  T/R. 

From  Eq.  (3.5),  this  can  be  true  if  and  only  if  T — 1 <<  ± 
for  all  hv.  Since  (T/R)^  can  be  very  large,  A±(hv)  shoul^be 
much  smaller  than  Ag(hv) ; i.e.,  the  electron  photocurrent  is  negligible. 

(C)  If  the  ( | A_Vg [/qC^TF) — vs,  hv  plot  has  the  structure  of  R/T  and  the 
^ I I /^i®*1)  vs.  hv  plot  has  the  structure  of  T/R. 

Assume  that  this  insulator-on-semi  conductor  structure  has  R/T 
and  T/R  as  shown  in  Fig  3.2.  Figures  3.3  and  3.4  show  the  computer 
Plots  of  (|AV8|/qC1TF)1/3.and  ( | AVg  | /q^RF) 1/3  as  determined  for  the 
functions  A±(hv)  and  A^hv)  shown  by  the  dashed  curves.  In  the  following 
we  will  discuss  how  to  determine  A^(hv)  and  Ag(hv).  We  shall  denote 
by  A1'(hv)  and  Ag'(hv)  the  approximations  to  A^hy)  and  Ag(hv)  which 
are  calculated  by  our  proposed  method. 

First  we  have  to  determine  whether  A±  is  larger  or  smaller  than 
A8*  T^e  ratf°  °f  Ag/A^  can  be  estimated  as  follows.  Points  A,  B,  C, 

D in  Fig.  3.3  are  the  values  of  ( | A Vs |/qC±TF)1/3  at  photon  energies 
which  corresponds  to  the  minima  of  R/T.  A least-squares  fit  of  these 
points,  f(hv),  can  be  found.  Point  G corresponds  to  a maximum  of 
R/T.  Then 


f(hvG)  % A± 


!<hv + f<hv 

2 


(QUANTUM  Y/ELD Y3  (ZELAT/VE  UNITS) 


R/T  m shown  in  Fig.  3.2  and  A^,  Ag  as  shown 
here.  A!  and  A'  are  calculated  from  thla 
i 1/9 

(|AV>|/qC1TF)i'J  vs.  hv  curve  by  our  proposed 
method . 


Hence 


In  the  following,  the  cases  with 
discussed  separately. 


A 

CD  /<  1. 

Ai 

Since  the  minima  of  R/T  are  much  smaller  than  unity,  we  can 

neglect  the  ^ terra  ln  Eq.  (3.4)  for  photon^energies  which 

correspond  to  the  minima  of  R/T.  Hence  ^ jp  *■  A^  for  light  with 

these  energies.  A least-squares  fit  of  these  points  (A,  B,  C.  D,  in 

Fig.  3.3)  gives  A±'  . From  and  ^ we  can  find  A's  • ** 

shown  in  Fig.  3.3,  A ' and  A ' are^ery  good  approximations  to  k±  and 

1 8 

A . 
s 

(ii)  / > i. 

Ai 

Since  the  minima  of  T/R  are  much  smaller  than  unity,  we  can 
neglect  ^ — term  in  Eq.  (3.5)  for  photon  energies  which  correspond 
to  the  minima  of  T/R.  Hence  - As  for  light  with  these  energies. 

A least-squares  fit  of  these  points  (A,  B,  C,  D,  E in  Fig.  3.4) 
gives  Aa' . From  As',  , and  | we  can  find  A±\  As  shown  in 

Fig.  3.4,  Ai'  and  Ag'  are  very  good  approximations  to  k±  and  Ag . 

It  should  be  noted  that  the  contribution  of  hole  (electron) 

injection  to  AV  may  be  neglected  if  (1)  hole  (electron)  injection  is 
s 

small  compared  with  electron  (hole)  injection  or  (2)  holes  (electrons) 
recombine  in  a short  distance. 

When  trapping  in  the  insulator  is  important,  the  interpretation 
of  the  experiments  will  be  very  difficult  if  both  electron  and  hole 
injection  are  significant.  If  electron  injection  from  the  substrate  is 
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Fig.  3.4.  [ [ AVg  J./qC^RF]^'*  vs.  hv  plot  for  an  insulator-on- 

semiconductor  structure  with  T/R  as  shown  In  Fig. 
3.2  and  A.,  A as  shown  here.  A'  and  A'  are  calcu- 
lated from  this  [ |AVa| /qC^RF]l/31vs.  hv  curve  by 
our  proposed  method. 
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Positive  corona  in  dry  air  or  was  used  to  charge  the  surface 
to  the  desired  potential.  The  maximum  potentials  used  in  this  study 
correspond  to  oxide  fields  of  1.6  x 106  V/cm.  After  the  corona  was  shut 
off,  the  chamber  was  pumped  down  to  10_J  torr.  If  the  sample  was  kept  in 
the  dark,  no  change  in  surface  potential  was  found  after  24  hrs.  The 
output  of  a Bausch  ana  Lomb  monochrometer  was  used  to  discharge  the  surface 
potential  to  Vg  « Vs (initial)  " 2 volts‘  After  that,  the  chamber  was 
filled  with  dry  air  or  ^ again  and  positive  corona  was  used  to  charge  the 
sample  to  its  initial  potential.  The  same  process  was  repeated  over  a 
range  of  photon  energies. 

No  flat-band  voltage  shift  for  the  N2  sample  was  found;  hence 
there  was  no  charge  trapping  in  this  sample.  If  we  discharged  the  DN1  and 
DPI  sample  repeatedly  with  light  of  the  same  photon  energy,  the  discharge 
rate  did  not  change.  Hence  there  was  no  charge  trapping  in  these  samples. 

Figure  3.5  shows  the  |AV  |/qC.TF  vs.  photon- _,iergy  plot  for  the 
DPI  sample.  Since  the  structure  of  R/T  does  not  appear  in  the  curves,  the 
results  suggest  that  the  hole  emission  from  the  front  surface  may  be 
neglected.  Hence  the  quantum  yield  for  electron  emission  from  Si  into  SiO^ 
for  this  sample  Is 


Quantum  Yield  = 


i AV 


qC^TF 


(3.8) 


The  intercepts  on  the  bv  axis  correspond  to  the  Si-SiC>2  barrier  energy 
measured  from  the  Si  valance  band  for  the  particular  value  of  oxide  field. 

The  change  of  barrier  height  with  respect  to  field  is  consistent  with 
Schottky  lowering  of  the  barrier  if  a dielectric  constant  equal  to  the 
optical  value  of  2.1  is  used.  The  zero-field  barrier  energy  is  4.3  eV. 

Those  results  agree  with  those  obtained  on  MOS  structures  by  other  workers.27-35 

The  experimental  results  obtained  on  an  N2  sample  showed  the 
same  charrcteristics . 

There  is  additional  evidence  which  shows  that  electron  injection 
from  Si  into  Si02  is  the  dominant  process; 
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(1)  The  surface  discharge  is  gas  independent.  If  the  injection  of  holes 
from  the  front  surface  were  to  contribute  to  the  photocurrent,  it  would 

be  expected  that  the  characteristics  of  the  surface  discharge  would  depend 
on  the  species  of  ions  on  the  front  surface.  However,  the  results  shown 
in  Fig.  3.6  do  not  show  an  ion  dependence  for  the  two  gases  used. 

(2)  Injection  of  electrons  into  the  Si02  can  take  place  from  both  the 
valence  and  conduction  bands  of  the  silicon.  Evidence  for  this  is  s'  iwn 
in  Fig.  3.7.  For  all  three  samples,  extrapolation  of  (Quantum  Yield)  1 3 
to  zero  shows  an  effective  barrier  height  of  3.95  eV,  which  corresponds 

to  the  Schottky-lowered  barrier  from  the  silicon  valence  band  to  the  oxide 
conduction  band.  The  n-degenerate  sample,  DN1 , shows  a tail  of  injection 
at  lower  photon  energies  which,  when  plotted  as  in  the  inset  of  Fig.  3.7, 
indicates  a barrier  of  approximately  2.9  eV.  The  difference  between  the 
two  barriers  corresponds  to  the  band  gap  of  silicon. 

3 .4 . Summary 

We  propose  here  a new  technique  tor  studying  charge-carrier 
injection  and  transport  in  thin  insulating  films.  The  technique  uses 
internal  photoinjection  to  provide  the  charge  carriers  and  utilizes  ions 
extracted  from  a corona  discharge  to  chatge  the  surface  of  the  insulator 
and  thus  create  the  electric  field  required  for  transport.  This  nethod 
retains  the  principal  advantage  of  the  ccrona-chargiug  technique,  namely 
that  high  fields  can  be  impressed  on  the  insulator  without  danger  of 
destructive  breakdown.  Also,  the  corona  technique  eliminates  the  need  for 
a metal  field  plate  and  avoids  the  possible  photoinjection  that  can  take 
place  from  such  a metallic  overlay.  The  use  of  optical  excitation  to 
provide  the  carriers  eliminates  the  dependence  on  high-field  emission  that 
was  inherent  in  the  original  corona  technique  and  thus  introduces  an 
additional  degree  of  freedom  ir.to  the  experimentation.  The  origin  and 
sign  of  the  carriers  can  be  analyzed  by  optical  interference  techniques. 

We  have  verified  the  practicability  of  the  method  in  preliminary 
experiments  on  the  Si-SiC^  system.  With  positive  corona  charging  of  the 
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surface  we  observe  electron  photoinjection  from  the  substrate  into  the 
oxide.  The  electron  injection  is  principally  from  the  valence  band  of 
the  silicon  at  sufficiently  large  photon  energies,  but  we  can  also  observe 
electron  injection  from  the  silicon  conduction  band. 

We  plan  to  use  the  combined  corona-photoemission  technique  in 
further  studies  of  thin  insulating  films  and  of  the  properties  of  their 
interfaces  with  semiconducting  substrates. 


3.0  3,2.  34  3,6  3,2  4, 0 4,2  4,4  4,6  4,2  5,0  5,  Z 

PHOTON  SNEkQ'f  (eV)  ■ J 

1/3  f. 

Fig.  3.7.  (Quantum  yield)  vb.  photon  energy  at  E - 1.6  x 10°  V/cm 

for  DN1,  DPI,  and  N2  samples.  Insert  shows  (Quantum  yield) 

vs,  photon  energy  for  the  low-energy  part  of  the  curve. 
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k . STUDY  OF  THE  T MTP l^ACE_STATES_GHjEBATED  BY  HIGH  FIELDS  IN  THE_S1ZS102 
SYSTEM 

“(J.  J.  Clempnt  and  C.  Jenq  collaborating) 

4.1.  Introduction 

Yang9  found  that  an  MOS  capacitor  biased  to  a high  field 
(„,  7 5 x 106  v/cm)  with  the  field  plate  positive  at  low  temperature 
(v  100-K)  for  several  minutes  showed  a parallel  C-V  shift  in  the  negative- 
voltage  direction.  He  attributed  this  shift  to  holes  which  were  generated 
by  impact  ionization  and  then  captured  by  hole  traps  in  the  S102- 

Chang22  studied  this  problem  further  and  concluded  that  the 
parallism  of  the  C-V  shift  provided  evidence  that  no  interface  states  had 
been  generated  in  the  course  of  the  high-field  treatment  at  low  temperature. 
After  the  sample  was  warmed,  however,  the  room-temperature  C-V^curve  showed 
a stretch-out.  Chang  was  able  to  apply  his  diagnostic  methods  to  show  that 
the  stretch-out  was  not  caused  by  lateral  nonuniformities  in  charge  storage, 
as  had  been  at  first  conjectured,  but  was  due  instead  to  interface  states 
that  had  made  their  appearance  during  the  warm-up  process.  He  also  found 
that  if  he  assumed  no  redistribution  of  the  trapped  charges  in  the  Si02 
during  the  warm-up  process,  the  charge-neutral  level  of  the  interface  states 

lay  close  to  the  midgap. 

In  the  remainder  of  this  section  we  report  on  results  that  we 
have  recently  obtained  in  a further  investigation  of  this  problem. 

4.2.  Experimental  Procedures 

The  samples  were  n-type,  (100)  silicon  with  1-2  tt-cm  resistivity, 
having  an  HCl-steam  grown  oxide  with  a thickness  of  about  2500A.  The  A1  gate 
was  about  1000A  in  thickness,  which  permitted  the  breakdown  ot  the  oxide 
to  be  self-quenched  by  local  evaporation  of  the  A1  gate. 

The  procedures  of  the  experiment  were. 

(1)  Tha  room  temperature  C-V  curves  of  the  sample  was  taken.  The  sample 
was  then  cooled  to  91°K,  and  the  C-V  curve  was  again  taken. 

(2)  The  sample  wee  then  biased  gradually  to  the  voltage  that  caused  current 
multiplication  to  take  place.  This  bias  was  held  for  a sufficient  time  to 
cause  positive  charging  of  the  sam>le,  typically  15  min. 
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(3)  The  bias  was  removed  anH  a r v 

a and  a C~V  curve  was  taken. 


(4)  The  sample  was  warmed  ud  m t-„„ 

a UP  to  r°om  temperature 

process, a hole  sweep-out  bias  Mrk  , ' 8 ““""-“P 

rhe  gate.  ’ ■1,h"  P°3U1Ve  °r  native,  was  applied  to 

The  room  temperature  C-V  curves  hntt,  . . , , 
static,  were  taken  In  the  dark.  Of  the  C V “«  luasl- 

temperature,  one  set  was  taken  In  the  dark  with  th  " 1°'"iTe,> 

Cl°"  aCCU,“latl<’”  *•“  «-P  depletion  at  a rate  ./**£ 

Which  will  be  called  "light-assisted"  C V c °thers- 

the  <•«•  deep  depletion,  after  whlchT’  T ““  * h'1"81"8 

— - n;:  rL„  c:;^r:;c;7d  3 — > — 

to  a lower  value  The  cat  C ^ capacltance  dropped 

The  gate  voltage  was  then  ramped  up  at  a rate  of  1 v/sec . 

4-3.  Results 

W the  Interface  states 

Figure  4.1  shows  the  room-temperature  and  the  91°v  r v 
a sample  which  was  subjected  to  steps  (1,  to  (4,  of  the  a 
in  the  preceding  section.  Curve  1 Is  the  r - Procedures  described 

and  Curve  2 is  the  91  °K  c V °om-teinperature  C-V  characteristic, 

treatment . Curve  3 U^n^T^’  ^ ““ 

had  been  biased  with  the  field  plate  I , •*“  th*  “**• 

*■  - - ^rature  c-:!::;!:;;:!:;  r fT  -•  4 

UP  (in  about  90  min,  with  the  gate  biased  at  -12  5V  ^ , „b‘“ 

parallel  shift  of  about  -2  5V  from  r o °WS  3 

rj  .0  from  Curve  2.  Curve  4 is  u j 

compared  to  Curve  1 intH„»n  u stretched  out  as 

1,  indicating  the  presence  of  Interface  states. 

e capacitance  at  the  point  where  the  Fermi  level  Is  at  all, 

“idgap  is  calculated  to  be  0.68  C Th*  St  silicon 

between  Curves  1 and  4 is  -2  55  y^whi  h ^ ^ ^ C3pacitance 

P a‘  »!•*•  Observation:  sue,:  ^1.7^  “ ““ 

neutral  level  of  the  interface  states  lies  close  ““ 

conclusion,  however,  should  be  scrutinised  carefully  i„  h ^ ' ’ 

evidence,  described  in  Part  C of  tM  Y ^ Ught  of  racent 

Part  C of  this  section,  which  indicates  that  Interface 
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tea  of  the  acceptor  tyPe  continue  to  bo  generated  within  the  sample  for 

"y  h°"rS  Sfter  "“ta«  -P.  »<  »«  the  neutral  level  of  these  ales 
cannot  be  at  silioon  midgap.  „e  regard  mltage  ^ ^ ^ 

capacitance  to  be  the  beat  avn-Moki  ® ^ 

„„„  u beSt  aVall<,ble  “eaure  of  the  stored  charge  but  it 

appears  that  the  C-V  curve  should  be  taken  as  soon  as  possible  after  „a  „ up 

to  minimize  the  distorMno  it  arm 

g effects  of  continued  interface-state  generation. 

(B)  Warm-Up 

In  order  to  test  Chang's  inference  that  there  was  negligible 
Change  or  redistribution  of  space  charge  during  the  warm-up  process.^ 

escribed  experiment  was  repeated  a number  of  times  with  different 
mounts  of  high-voltage  stressing  and  with  different  field-plate  voltages 
both  positive  and  negative,  applied  during  the  warm-up  period.  Afresh  ' 

IT  6 USed  eaCh  If  there  were  a =b“"8a  or  redistribution  of 

pace  charge  during  the  process  of  warming  up>  thc  flnal  c.v  ^ ^ 

epend  on  the  magnitude  and  polarity  of  the  bias  applied  during  warm-up. 
results  of  this  experiment  are  shown  in  Fig.  4.2,  where  4y  ls  the 

" “T  !“*'  °f  the  e (91  ®K)  C-V  curve  resulting^ rom  the 

^ ^ Che  ~1“"  8hlft  *^p  capacitance 

er  warming  up  to  room  temperature.  Since  AVRI  % AV  regardless  of  the 
magnitude  or  polarity  of  the  fioiA  ♦. 

that  very  111.  „ voltage  during  warm-up,  we  conclude 

ary  little  change  or  redistribution  of  stored  charge  has  taken  place. 
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(c)  Continued  Generation  of  Interface  States  After  Warmup 

As  we  have  already  observed,  the  application  of  a sufficiently 
large  positive  voltage  to  the  field  plate  of  an  MOS  structure  results  in 
both  the  storage  of  positive  charge  in  the  oxide  and  the  generation  of 
interface  states;  however,  if  the  high  field  is  applied  at  liquid  nitrogen 
temperature,  the  positive  charge  appears  immediately  but  the  interface 
states  do  not  make  their  appearance  until  the  sample  has  been  warmed  up 
to  approximately  room  temperature.  Additional  experiments,  now  to  be 
described,  show  that  the  production  of  interface  states,  once  it  is 
ini*  .ated  by  the  high  field,  continues  to  proceed  for  many  hours  at  room 
temperature . 

The  experimental  results  are  shown  in  Figs.  4.3  - 4.9.  Curve 
1 Fig.  4.3  is  the  original  C-V  characteristic.  This  curve  is  almost 
ideal  in  shape  and  shows  very  few  interface  states.  Curve  2 was  obtained 
at  91CK  by  sweeping  from  accumulation  into  deep  depletion  at  the  rate  of 
-1  V/sec.  This  curve  is  also  normal  in  shape.  Curve  3 is  the  91°K 
light-assisted"  curve  obtained  by  biasing  into  deep  depletion,  then 
temporarily  flooding  with  light  to  generate  holes  and  bring  the  sample 
into  inversion,  and  finally  sweeping  the  gate  voltage  toward  accumulation 
at  the  rate  of  1 V/sec.  At  first  the  capacitance  remains  almost  constant 
at  a value  slightly  higher  than  the  thermal-equilibrium  inversion  value 
because  of  the  presence  of  excess  holes  near  the  interface.  These  holes 
gradually  leave  the  interface  and  move  into  the  bulk  as  the  gate  voltage 
sweeps  in  the  positive  direction,  and  the  capacitance  begins  its  normal 
increase  when  no  more  holes  remain.  The  exact  value  of  capacitance  in  this 
approximately  horizontal  region  depends  on  the  rate  of  voltage  sweep . 

After  the  foregoing  curves  had  been  taken,  the  sample  was  held 
at  a temperature  of  91°K  and  was  voltage-stressed  with  the  field  plate 
positive.  Since  this  operation  places  the  sample  near  its  breakdown 
point,  the  stressing  was  done  with  great  care.  A voltage  of  189  V was 
applied  for  1 min,  and  when  this  was  observed  to  result  in  only  a moderate 
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value  of  current,  the  vol  ^ 

cutely  after  thlT  ” I9°  V a"d  "«  held  for  21 

■“*  - - a.  JidZ^rr;-3  wa  —•  - 

treatment  has  resolted  In  the  storage  of  ( ndICateS  that  the  high-field 
Calculation  shows  that  for  this  thickn  f ^ 0xlde- 

volt  shift  corresponds  to  8.4  „ iQ10  °f  dI°*^e.  a one- 

The  ohserved  voltage  shift  of  3 4 „ t T " ““  ^ interface, 
approximately  3 x 10U  positive  ' „ " ‘rates  the  presence  of 

The  corresponding  light-assistedlaTt “ ““  “ ^ »aatwent. 

the  same  effect.  Curve  4 is  alKst  exactly”  CUrVe  * °f  4'3-  "hows 

ran  be  seen  in  Fig.  4 (p_  ly  Parallel  with  Curve  3,  as 

rightward  until  it  coincides  with  Cu  7°  ^ ^ bee"  tranolate'i 

the  high-field  treatment  has  not.  up  To  this "!  C°1''Clde,,Ce  ‘"Urates  that 

8tateS  ‘“  "PPer  Part  of  the  gap  r at  ’ 
aample  in  its  original  condition  for  a h ''e''e  "0t  ?reSent  ‘"  ‘he 
gap.  can  communicate  with  the  silicon  ‘"  the 

and  should  cause  a stretch-out  of  th  “'““h  band  at  91”K 

Following  the  hieh-  , UPPer  P8rt  °f  the  "“ve. 

the  sample  was  war  a ™ 1883  stressing  and  curve-taki„B  „ „ 

"as  warmed  to  room  temperature  TM  8 at  91  K- 

approximately  90  min.  Curve  6 . ' 11,13  pr"ress  required 

obtained  imtmdiately  after  coition! ‘V'  ^ ^ ‘"^rUtU 

U ~d  »«  ‘or  comparison . The  • Curve  1 

Positive  charge  storage,  and  the  stretch  0 “ ^ " CU"e  6 Sh°“8 
interface  states  which  made  their  appearance  ^ °f 

Immediately  after  the  C-V  ° 8amPle  "a"  ''ltKd  up. 

temperature,  the  sa„le  was  again  cool 7"  h88”  8t  r°°'” 

temperature  C-V  curves.  Curve  7 of  7 7 ^ ^ °bt81"  the  W 

daep-depletion  characteristic,  and  Curl  2'’j! 

comparison.  The  presence  of  negative  ch.  “ r8Peated  for 

interface  states  is  shown  by  the  ri  ’**  lnt°  acceptor-like 

with  Curve  4 Curw  7 r ghtward  shift  of  Curve  7 as  m 

' CurVe  7 ls  not  quite  parallel  „ co^ared 

ith  Curves  2 and  4,  as  is 
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shown  in  Fig.  4.9  (p . 44).  The  discrepancy  between  the  upper  parts  of 
the  curves  is  caused  by  interface  states  which  are  present  in  Curve  7 and 
not  present  in  Curve  4 and  which  are  high  enough  in  the  gap  to  emit  their 
electrons  into  the  silicon  conduction  band  even  at  91 °K.  Electrons  in 
deeper  states  are  frozen-in  and  merely  provide  a fixed  negative  charge 
which  partially  compensates  the  positive  charge  stored  in  the  oxide. 

Curve  8 of  Fig.  4 .5  is  a light-assisted  C-V  characteristic  in  which 
temporary  flooding  of  the  interface  with  holes  resulted  in  the  neutraliza- 
tion of  the  negative  charge  in  the  acceptor-like  interface  states.  As  the 
gate  voltage  is  swept  in  the  positive  direction , the  electron  concentra- 
tion at  the  interface  begins  to  rise,  with  the  result  that  electrons  are 
captured  by  the  interface  states.  The  buildup  of  negative  charge  at  the 
interface  produces  the  ledge  observed  in  Curve  8,  above  which  Curve  8 
follows  Curve  7.  Taken  together,  the  results  shown  in  Figs.  4.3  - 4.5 
indicate  (a)  that  the  high-field  treatment  at  91°K  resulted  in  positive 
charge  storage  in  the  oxide  but  no  immediate  generation  of  interface 
states,  and  (b)  that  interface  states  of  the  acceptor  type  were  generated 
as  the  sample  was  warmed  toward  room  temperature. 

The  interface  states  continued  to  be  generated  over  a long 
period  of  time  without  further  high-field  stressing.  After  the  sample 
had  warred  up  to  room  temperature,  a wait  of  10  hours  resulted  in  Curve  9 
of  Fig.  4.6.  Upon  cooling  to  91°K,  Curve  10  (Fig.  4 7)  and  Curve  11 
(Fig.  4.8)  resulted,  indicating  an  increase  in  the  number  of  “cceptor- 
type  interface  states.  Warming  up  to  room  temperature  followed  by  a 20-hr 
wait  produced  Curves  12,  13, and  14,  and  similarly,  an  additional  69-hr 
wait  at  room  temperature  resulted  in  Curves  15,  16,  and  17.  It  should  be 
emphasized  that  the  temperature  cycling  was  not  the  cause  of  the 
generation  of  interface  states,  for  we  have  repeatedly  temperature-cycled 
unstressed  samples  between  these  two  temperature  limits  and  have  obtained 
only  characteristics  like  Curves  1,  2,  and  3 of  Fig.  4.3. 


Comprrsion  between  C-V  curves  at  91 °K: 

(2)  Original,  deep  depletion.  (4)  Deep 
depletion,  immediately  after  stressing. 

(7)  Deep  depletion,  after  warmup  and  cooling 
down,  (8)  "Light-assisted,"  corresponding  to 


4.4.  Conclusions 


9 

We  find,  in  confirmation  of  Yang's  observations,  that  high-field 

stressing  (a,  7.5  x 106  V/cm)  of  an  MOS  structure  with  field  plate  positive 
results  in  the  buildup  of  positive  charge  in  the  oxide.  The  positive 
charge  is  apparently  that  of  trapped  holes  near  the  Si-SiO^  interface. 

It  is  known  that  the  current  which  flows  through  the  oxide  under  these 
conditions  consists  of  electrons  which  are  injected  into  the  oxide  by 
Fowler-Not dheim  tunneling  from  the  silicon  substrate,  and  the  source  of 
the  holes  is  believed  to  be  impact  ionization  in  the  oxide  caused  by  a 
small  fraction  of  the  transiting  electrons  which  gain  sufficient  energy 
in  the  high  field  to  produce  hole-electron  pairs  by  lattice  ionization 
(Sec.  2.2).  It  is  also  known  that  high-field  stressing  at  room  temper- 
ature produces  interface  states,  and  it  has  often  been  assumed  that  there 
is  a one-to-one  correspondence  between  the  positive  charging  and  the 
interface  states . 

22 

We  have  confirmed  Chang's  observation  that  if  the  high-field 
stressing  is  carried  out  at  liquid  nitrogen  temperature,  the  positive 
charging  of  the  oxide  appears  immediately  but  the  interface  states  do 
not  make  their  appearance  until  the  sample  has  been  warmed  toward  room 
temperature.  This  removes  the  one-to-one  correspondence  between  the 
positive  charge  and  the  interface  states  but  does  not  necessarily  deny  a 
connection  between  them. 

We  have  studied  the  above  phenomena  more  carefully.  First, 

there  is  the  question  whether  the  positive  charge  storage  remains  stable 

as  the  sample  is  wanned  to  room  temperature.  Our  results  indicate  that  it 

is  indeed  stable.  An  interesting  by-product  of  this  result  is  that  the 

holes  which  were  created  by  the  high-field  treatment  were  transported 

through  the  oxide  by  the  high  field  and  were  not  immobile  as  has  been 

42-44 

found  with  smaller  fields  at  liquid-nitrogen  temperature.  Secondly, 

we  find  that  interface  states  of  the  acceptor  type  continue  to  be 
generated  at  room  temperature  for  many  hours  after  the  high-field  treat- 
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Fig.  4.8.  Complete  set  of  "light-assisted"  C-V  curves  at 

91  K.  (3)  Original.  (5,8,11,14,17)  Corresponding 
to  Curves  (4,7,10,13,16,  of  Fig.  4.7. 
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5‘  IN  THE  MO!  sv^m 

(0.  Bar-Gadda  collaborating) 

that  a J\::;a:;;;t;Trted  by  osburn  and  “ei£zmn41  s-d  * w-” 

field  across  a metaj-sio  "0^”  '"i  ^ aPPUcatl°"  of  a larSa  (i-  8 MV/cm) 
Arinas  of  applied  hi^  “I'tot  *"  - 

material . It  occurs  at  comparable  rates  at  80^  ^ ^ eleCtr0de 

U, old  nitrogen  temperature,  and  actoally  sees,  toT  .TT"  S"d 
temperature.  Previous  observations  of  £he  Instability  h b “ ^ 

zt:  and  u “as  °ur  °bjective  £°  - p-noLn  a„::hrher 

mechanisms  responsible  fn»*  ■»«- 

punsiDie  tor  it,  more  carefully. 

meas urine  ^ CUrrent  ln8tabillty  be  observed  in  two  ways:  by 
measuring  the  current-time  (1-t)  chararteri  n - 7 

fields,  or  by  cosparlne  tb  Chara“«lstlc  for  different  applied 

y comparing  the  current-voltape  n v\  u 

taken  quickly  and  (b)  in  th  ( } Characteristi^  (a) 

M xy  and  vb)  in  the  steady  state  i f o . u 

We  have  performed  both  types  of  experiments.  2 lIltlaTvorkT  eXlStS' 
Rories  was  done  by  0.  , Vang,’--  „ we  _ __  ^ 

Figure  5.1  Is  a Fowler-Nordheim  plot  for  an  A1-S10  Cl  , 
having  a 2500-A  „et  oxide  and  a 1000-1  A1  flcld  plate. 

was  measured  over  a period  of  several  hours  after  first  Mas  rb 

at  a field  of  „ « MV/cm  for  about  15  hours  The  f 5a,"Ple 

approximately  a day  later,  the  field  is  first  held  C“rV<!  ”aS 

value  for  about  an  hour  and  then  Increlnted  2n  27"  " ‘ 8lV'" 

the  fieid  is  — - — ™:idy. 

-pin8  r:r :r  - - - — 

process  to  assure  reproducibil itv  Th„ 
are  in  good  agreement  with  ,h  oauciomty.  The  curves 

Slope  of  the  line  we  date Tu  ' ^ ^ 

fiom  the  Si  to  be  m*  - 0 « . In  good  ^ el6Ctr°"  lnJeCt,°” 

, V in  e°od  agreement  with  previous  deter- 

minatlons . We  shouid  mention.  however,  that  this  ,„h  T 

precise  way  of  determining  „*  technique  is  not  a vary 

y determining  m or  even  the  I-V  curve  Thic, 

curve.  This  is  apparent  from 


Fig.  5.1,  where  it  is  seen  that  the  magnitude  of  the  current  is  very 
dep  ndent  on  the  previous  history  of  the  sample,  i.e.,  how  long  the 
capacitor  has  been  under  high  field  stress.  The  reason  for  this  is  that 
the  creation  of  interface  states  under  high-field  stressing  reduces  the 
current.  Thus,  under  high  field  stress  the  current  never  reaches  a true 
steady  state,  since  the  interface  states  are  being  continually  formed. 
Nevertheless,  for  a short  period  of  time  the  current  relaxes  to  a value 
which  would  remain  constant  if  no  additional  interface  states  were  being 
created.  To  this  extent  one  can  measure  an  approximate  steady  state 
I-V  curve  for  a fixed  interface  state  distribution.  The  fact  that  the  two 
curves  shown  give  about  the  same  slope  (effective  mass)  which  agrees  with 
literature  values  indicates  that  the  above  assumptions  are  probably 
valid.  If  this  is  true,  then  it  may  explain  the  order-of-magnitude  dis- 
crepancies in  current  measured  by  different  people. 

It  can  also  be  seen  from  Fig.  5.1  that  at  higher  fields,  the 
I-V  curve  seems  to  deviate  upward  from  the  Fowler-Nordheim  straight  line. 
This  occurs  for  fields  high  enough  to  produce  the  current  instability,  in 
this  case  E a,  7.4  HV/cm.  This  easier  to  see  in  the  I-t  curves  of  Fig.  5.2. 
These  curves  were  obtained  by  incrementing  from  192  V to  195  V.  For 
192  V and  193  V there  is  an  initial  transient  increase  followed  by  a decay 
to  steady  state.  For  194  V the  maximum  value  of  the  transient  is  the 
steady  state  current.  Above  194  V there  is  no  steady  state  current,  and 
the  current  builds  up  until  destructive  breakdown  occurs. 

An  attempt  was  made  to  measure  the  I-V  curve  on  a p-type  sample 
also  biased  in  accumulation  to  approximately  7.5  MV/cm.  Here,  no  steady 
state  current  was  observed.  Instead,  the  current  continually  decreased. 
The  C-V  curve  was  M-asured  initially  and  at  the  end  of  the  experiment, 
some  four  days  later.  The  result  is  shown  on  Fig.  5.3.  The  final  curve 
shows  distortion  due  to  creation  of  interface  states,  and  possibly  a 
storage  of  positive  charge  in  the  oxide.  A subsequent  C-V  curve  taken 
four  hours  later  shows  that  the  voltage  shift  had  been  reduced  slightly 
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FD15.  15  HR-5. 
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Fig.  5.1.  "Steady-state" 


I-V  characteristics. 
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C(^) 


Fig.  5.3. 


Effect  of  negative  bias  stressing. 

(2)  Aiiei&4  days^at^ is  MV/cm,  field  plate  negative. 

(3)  Relaxation  after  4 additional  hours  during 
which  sample  was  open  circuited. 

Field  plate  area  - 1.3  x IQ-2  CE^- 
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in  magnitude.  This  effect  has  been  observed  by  others  and  is  generally 
referred  to  as  the  negative  bias  instability.  Further  investigation  is 
planned. 

The  above  results  were  obtained  at  room  temperature  in  air. 

The  sample  was  mounted  on  a gold-plated  brass  block  and  held  down  by  a 
rough  vacuum  pressure.  Dry  nitrogen  was  used  to  continually  flush  the 
sample  clean  and  dry.  The  probe  was  tungsten  plated  steel,  and  the  probe 
preasur-!  could  be  adjusted  by  a micromanipulator.  The  entire  stage  was 
mounted  on  an  aluminum  chassis,  and  several  steel  blocks  were  enclosed 

in  the  chassis  to  provide  shock  absorption. 

Additional  experimental  apparatus  has  been  constructed  or  is 
under  construction.  An  electronic  circuit  was  designed  and  built  to 
protect  the  MOS  capacitor  from  breaking  down  under  high  field  stress . 

This  will  be  used  when  it  is  desired  to  study  high-field  characteristics 
without  breaking  down  the  sample.  Basically,  it  consists  of  an  operational 
amplifier  which  senses  the  current  through  the  MOS  capacitor  and  triggers 
a relay  whenever  this  current  exceeds  a preset  level.  The  relay  open- 
circuits  the  MOS  capacitor,  thus  preventing  breakdown. 

Another  project  currently  underway  is  the  construction  of  a 
sample  holder  with  a heater  capable  of  raising  the  sample  temperature 
to  > 400 °C.  Electronic  circuitry  will  be  designed  and  built  to  generate 
a temperature  ramp,  so  that  thermally-ctimulated  current  measurements 
may  be  made.  This  will  be  used  to  investigate  the  nature  of  the  hole 
traps  in  SiO^.  We  also  wish  to  go  to  low  tep/peratures  (between  liquid 
N and  room  temperature)  continuously  and  discretely  so  as  to  be  able  to 
investigate  the  high  field  current  instability  in  this  region  of  temper- 


ature . 
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6 SCANNING-ELEC TRON-MTORD^rnpc 

— OF — LATERAX_NroNUNIFOR>£IXIES 

<P‘  RoUmm  and  D-  Cuter™  collaboratl^  ~ 

The  existence  of  iaterel  nonuniformities  in  the  Kt,._ 

insulator— semiconduc tor  <’MTcn  a*- 

developed  ™hods  iU  „ tT^  “ “*  -» 

ihe  internal  structures  of  MIS  devLT” ^ ^7 

vices.  The  beam  of  the  elprimn 
microscope  is  uied  tn  electron 

Tor™  by  the  variations  iTthir"6"  Wlthln  “*  “ ^ 

- ■ — - -e  3urfi:;™ s^vm" — 

electron-beam  induced  current  (EBIC)  re  b t ^ th<! 

MOS  structures  utllixr  1Ue  “lth  «“'«tion.l 

uctures  utilising  a silicon  dioxide  insulator;  however  1™,  r a 

oxides  and  capacitors  incorporating  A1  0 die.  r r « i«Pl™ted 

examined.  IVo  type1  of  2 3 ec  r c ilms  hr.ve  also  been 

a88re gates  h b “aching  faults  and  ion 

88  gates,  have  been  extensively  studied  in  MOS  capacltr 

have  been  developed  to  explain  the  observed  imag  , ' ’ ’ 

* ““tejnrrt^irrt;::;: under  ^ — - 

zrrrr  -• ^ - in 

into  lines  approximately  2-5  p long  r , , 

shows  an  example  of  this  structure.  The  sample  cons-  d'f 

10-cm  boron  dosed,  with  a 3500  A oxide  HTL  st  yP'  ' 

st  We.  After  oxide  „ ,b  u H-1-Ste“  Srown  on  the  (100)  surface 

xide  giowth  the  sample  was  annoaioj  -t  „ 

15  minutes  and  in  H,  at  500°C  for  15  , “ 1050 ’C 

:::  - - - •*—  is 
01  the  7a:TZ7mStiC  01  StaCk1”8  £SUltS  - (100>  Tece 

obse  j ^ °r<ier  t0  fUrther  determine  the  nature  of  the  contrast 
observed  at  these  structures,  line  scans  were  performed  In  hTli 
erode,  Information  is  displayed  on  the  CRT  .r  ne-scan 

rather  than  intensity  modulation  A ”*  ection  module 

the  peak-to-peak  height  of  th  ’ contrast  is  obtained  from 

height  of  the  structure  current  measured  at  the  substrate. 


- 52  - 


The  Contrast  dependence  of  the  structures  was  measured  as  a function  of 
beam  energy,  beam  current,  gate  bias  and  scan  speed. 

In  general,  a scan  across  the  fault  produces  a structure 
current  that  is  approximately  a differential  gaussian.  The  structures 
are  not  visible  for  beam  energies  below  that  required  to  completely 
penetrate  the  gate  and  the  oxide.  Above  that  value  the  contrast  rises 
very  rapidly  with  beam  voltage  for  a few  keV  und  then  saturates. 

The  gate-bias  dependence  is  shown  in  Fig.  6.2  for  both 
p-substrate  and  n-substrate  capacitors.  The  structures  were  visible  only 
for  positive  (>  0 V.)  bias  in  the  p-sample  and  negative  (<  -15  v.)  bias 
in  the  n-sample . This  seems  to  imply  that  depletion  is  required  for 
visibility  in  the  former,  while  strong  inversion  is  required  for  the  latter 
However,  local  oxide  charging  created  during  the  line  scan  can  dominate 
the  state  o^  the  substrate.  In  the  case  of  the  p-sample  with  the  gate 
biased  slightly  positive,  holes  became  trapped  at  the  Si/SiO  interface 
tending  to  further  deplete  the  substrate.  In  the  n-sample  with  negativl 
gate  bias,  holes  became  trapped  at  the  gate/SiO,,  interface.  These  have 
little  effect  on  the  substrate  other  than  tending  to  accumulate  it  slightly, 
requiring  additional  negative  bias  to  maintain  inversion  Further,  when 
the  bias  is  suddenly  switched,  time  is  required  for  the  contrast  to 
build  up  or  decay,  implying  that  oxide  charging/ discharging  is  important. 

It  therefore  appears  that  oxide  charging  does  affect  contrast,  and 

that  the  structure  is  only  revealed  fully  when  the  substrate  is  in 
inversion. 

Contrast  was  found  to  increase  linearly  with  beam  current  up  to 
beam  currents  of  * 100  PA,  beyond  which  it  tended  to  saturate.  Image 
distortion  also  occurred  at  high  beam  currents  due  to  spreading  of  the 
j.ncident  beam. 

The  dependence  of  the  structure  on  scan  speed  is  shown  in  Fig. 

6.3.  For  low  speeds  the  peak-to-peak  current  scales  with  the  scan  speed. 

I '■erefore,  the  time  integral  of  the  current  is  constant,  i.e.,  the  net 
flow  of  Charge  through  the  sample  is  independent  of  scan  speed.  At 
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Fig.^.la. 

oriented 

Imaging 


„^®Ctr0n  beam  induced  images 
structure  in  sample  ST5 
conditions:  35.9KeV,  v = l5v,‘ 

8 


of 

Mx  5000. 


1 XB>V,1D 


ST19.'  taken  af terTn  TrlTt  ^ °f  Sample 
bias  thermal  stressing  for  10°h  ^ Substrate»  and 
+2°V.  Image  reveals  a'l  e h Im'  “ 3°°°C’  V8  = 
structure  with  a bisecting  ^ COntrasted8IA 
scans  had  been  performed.8  Sh°Wing  where  line 


!i  I 'ijtf. 
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higher  scan  speeds  {>  10"2  cm/sec)  the  structure  becomes  distorted, 
indicating  that  the  beam  speed  exceeds  the  time  required  for  the  beam- 
induced  carriers  to  respond.  Finally,  opposite  current  polarities  are 
observed  in  the  two  samples.  In  the  case  of  the  p-sample  there  is  an 
initial  flow  of  electrons  out  of  the  substrate  to  ground,  and  the  flow 
reverses  as  the  beam  leaves  the  structure.  For  the  n-sample  the  opposite 

occurs . 

A iwdel  has  been  developed  for  the  stacking-fault  contrast 
mechanism.  The  current  detected  Is  a displacement  current  resulting 
from  modulation  of  the  depletion-layer  capacitance.  The  modulation  is 
naused  by  hole-electron  pairs  produced  in  the  silicon  by  the  incident 

beam. 

A one-dimensional  analysis  has  been  made  of  the  surface  voltage 
and  depletion-layer  capacitance  and  charge  in  an  HOS  structure  with  constant 
applied  voltage  under  electron  illumination.  The  model  assumes  a gaussian 
incident  beam  of  very  penetrating  electrons  moving  across  the  plane  o 
the  interface.  The  resulting  displacement  current  is  given  by 

n O O 

C vl 


I(t) 


2tt0o 


—00  » 


(x  - Vt)  e 
d 


-[(x-vt)2  + y2]/2 a 


dxdy 


(6.1) 


where  C is  the  oxide  capacitance,  v is  the  beam  velocity  (in  the  x-direction) , 
g is  kT/q,  I is  the  current  in  the  incident  beam,  0 is  the  width 
the  incident°beam,  g is  the  pair  generation  per  incident  electron  per 
unit  length,  t is  the  lifetime  of  excess  carriers  in  the  substrate,  an 
d is  a rather  complicated  function  of  the  substrate  carrier  concentration, 
which,  however,  tends  to  a constant  in  both  accumulation  and  inversion. 

Note  that  if  g,  r and  d are  Independent  of  position,  the  integral 

If  the  stacking  fault  is  represented  as  a step  in  gr/d  of 
width  W and  height  g^/dj  over  a background  of  g0T0/d0,  integration  of 
Eq.  (7.1)  provides  the  result 


Fig.  6. 


Vg{v) 


15 


2. 


~ of  i-*  «««-*. 

Plotted  as  a fraction  of  eate  M I'w  3 8tackl“S  fault, 

k”re"t  * 100  pA.  sfmpfe  M?.  ,PPJ  '?„fhc  M0S  atructure. 

1200  4 dry-grown  SiO„.  SamTTTT?.*  i n~Cm  ^10°)  a"si  with 

3500  A HCl-steam  .U0*.  ST5‘  1 (100)  p-Si  with 
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1(0 


C vl 
o o 


2 , . 2 o 

-w  /2a  -(vt)2/2 o" 


sinh  wvt/a" 


(6.2) 


This  expression  includes  the  essentia  „ w 
observed  in  the  induced  cur^ 

(1)  structure  current  proportional  £o  bean  currenc 

structure  current  proportional  to  scan  speed. 

(3)  structure  current  much  greater  in 

„ 'SlnCe  « d (accumulation^^8  °n  “CCU"UlatIOn 

-C:::  :„h:  rr of  the  fsuit  •»  - 

essentially  constant  (g  a.  . 1 th8t  the  °ther  factors  are 

P-type  and  d < 0 tor  n-l'  ‘1  ° \V'  ^ - > 0 for 

ype,  then  the  current  polarities  m . 

crosses  the  fault  agree  with  the  m,  the  beam 

8 ee  with  the  observed  line  scans. 

The  experimental  curZ  U for  a p^  ^ 18  shown  ^ Mg.  6.4. 

300  A Al  gate.  ihe  beam  energy  ZTZl  Th  “lth  ^ ‘ ** 

We  estimated  o - 5000  A h»  a ’ " ' Current  “•  10  pA. 

The  beam  scan  speed  was  '2. 5 a * ' 5°°° 

at  the  peak  furrent.  curves  were  normalized 

™^ZZT:CJZ?r  01  the8e  send, 

amplitudes  do  not  agree  well.  fbr^J^J^/01  ^ 

than  the  observed  current,  a.  „d«l  includes  tw  TrUical  S“U“ 
one  is  low-level  injection;  that  is,  the  density  of  \ ass“">'^P"a- 

beam  is  assumed  to  be  much  less  than  *»,  u ^ irS  generated  by  the 

Arithmetically,  this  turns  out  to  be  false  ^ 
high-level  injection  has  also  been  done  nd  aT’  ^ 
qualitative  agreement  discussed  above  s a “0t  eXhIblt  the 
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Fig.  6.3.  Dependence  of  stacking-fault  image  contrast  on  scan 
speed. 
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ZZ7  b Unfortunately,  telexing  theee  assertions  ie 

rrr  ”°re  di£ficuit- but  we  are  mrkine « ^ * 1 

V0^"8  °n  the  dlre“  neasurement  of  some  of  the  parameter*  of  ‘ 
model,  such  as  lifetime.  this 

Ion-aggregation  structure  is  seen  only  after  extended  bias- 
thermal  stressing  (BIS,.  This  technigue  consists  of  heating  an  „0S 
c Pacitor  to  between  150 "C  and  300“C  with  a bias  between  +50  and  -50  V 
for  several  hours  (about  10  hr  typically)  At  tu 

imt/url Hoc  . y) . At  these  temperatures,  ionic 

impurities  - mainly  sodium  - becon»  mnh-M0  a s 

to  either  the  gate  or  . e 8"ept  thr°^  the  oxide 

the  hi  A U 8trate  loterface,  depending  on  the  polarity  of 

he  bias.  At  the  interface  the  8Qdlum  lona  dQ  not  ' f 

the  silicon  appreciably  h..r  caj’  °r 

Of  local  fields.  ' ^ »»ve  laterally  under  the  influence 

gone  s h Fl8Ure  6'lb  8h°''8  “n  ““  Pl°tUre  °J  8 88"P18  “^h  has  „„der- 
8 such  a treatment.  The  sample  was  ln-c.  „-type  Si  uleh  300  „ 

grown  oxide  and  150  A Au  gate  The  ni  t 

x Picture  was  taken  at  5 kV  and  1 nA 

The  average  ion  concentration  was  4 x 1013/™2  tv 

wdH  x 10  /cm  . Two  types  of  structn^ 

Z T aPParent'  The  £lr8t  18  ‘n  88h8-e-nt  of  the  toP„-  ‘ 

poUshi  8tdrUCtUre■  ”hlCh  ln  tK1S  ““  “y  b8  d“  to  residual 

stop!  T86  V re8ldUal  renalnI"S  fr°"  88  «*-•  growth- 

ion  drl^LTh6  dln<:e  the  StrUCtUr8  W88  °“Iy  f8lntlJ'  risible  before 

at  the  edges  I s ^ ^ 8^-g.tion 

he  edges.  The  second  type  of  structure  consists  of  large  cone-like 

ures  such  as  the  one  at  bottom  center  of  Fig  b lb  TheR 

be  d sodium  ions  aggregating  around  a defect  either  " 

film  or  in  the  substrate.  These  sf-T-um-  . 

ihese  structures  became  visible  at  a beam 

energy  just  sufficient  to  penetrate  the  oxide,  and  the  contrast  increased 

1 ITiT  “h11  £,’e  ran88  °f  the  eUCtr0n8  8«88d8d  *“•  sub- 
trate,  when  it  saturated.  No  dependence  on  scan  speed  was  noted. 
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Line  scans  were  also  performed  on  these  structures  over  a 
range  of  gate  biases.  Both  the  background  and  structure  currents  were 
ohmic,  and  the  direction  of  the  currents  was  consistent  with  the  model  of 
beam- induced  conductivity.  According  to  this  model  the  collected  current 
is  due  to  pairs  generated  in  the  oxide  which  separate  in  the  oxide  field 
and  move  to  the  gate  or  substrate.  In  silicon  dioxide  we  assume  the 
current  from  the  holes  to  be  negligible.  The  electrons  drift  and  are 
collected  according  to  the  shubweg  model  of  Mott  and  Gurney,  in  which 
the  electrons  move  a constant  distance  in  a given  field  before  being 
deeply  trapped  or  recombined.  The  sheet  of  sodium  ions  at  the  interface 
forms  a dipole  layer  which  lowers  the  field  across  the  oxide.  This 
affects  the  number  of  electrons  being  collected.  The  more  concentrated 
the  sodium,  the  more  pronounced  this  effect  becomes. 

For  very  low  beam  energies,  insufficient  to  penetrate  the  gate, 
a reversal  of  contrast  was  observed  when  the  ions  were  drifted  to  the  gate. 
In  this  case,  the  collected  current  was  due  to  electrons  emitted  from 
the  metal  into  the  oxide  and  increased  with  increasing  sodium  concentra- 
tion. 

Effects  were  observed  which  seemed  to  indicate  that  the  sodium 
ions  act  differently  at  the  silicon  interface  than  at  the  metal  interface. 
Also  there  were  definite  changes  in  the  behavior  of  the  sodium  after 
irradiation.  These  phenomena  are  not  thoroughly  understood,  but  since 
technological  interest  is  shifting  away  from  sodium  due  to  improved 
processing  cleanliness  we  will  not  pursue  this  topic  further  in  our 
future  work. 


- 61 


REFERENCES 


A.  Publications,  Reports,  and  Doctoral  Dissertations  Resulting  From  Work 
Done.  Under  This  Program. 

1*  M.  A.  Lampert,  W.  C.  Johnson,  and  W.  R.  Bottoms,  "Study  of  Electronic 
Transport  and  Breakdown  in  Thin  Insulating  Films,"  Semi-Annual  Technical 
Report  No.  1 (AFCRL-TR-73-0263) , January  1973. 

2.  M.  a.  7,ampert , W.  C.  Johnson,  and  W.  R.  Bottoms,  "Study  of  Electronic 
Transport  and  Breakdown  in  Thin  Insulating  Films,"  Semi-Annual  Technical 
Report  No.  2 (AFCRL-TR-74-0076) , July  1973. 

3.  N.  M.  Johnson,  W.  C.  Johnson,  and  M.  A.  Lampert,  "Electron  Trapping  in 
Ion-Implanted  Silicon  Dioxide  Films  on  Silicon,"  Special  Report  No.  1 
(AFCRL— TR— 74— 0133) , January  1974.  (This  Special  Report  was  based  on 
N.  M.  Johnson's  doctoral  dissertation.) 

4.  W.  C.  Johnson , M.  A.  Lampert,  and  ' R.  Bottoms,  "Study  of  Electronic 
Transport  and  Breakdown  in  Thin  In  slating  Films,"  Semi-Annual 
Technical  Report  No.  3 (AFCRL-TR- 74-0229) , January  1974. 

5.  Z.  A.  Weinberg,  W.  C.  Johnson,  and  M.  A.  Lampert,  "Determination  of  the 
Sign  of  Carrier  Transported  Across  SiO  Films  on  Silicon." 

(a)  Appl . Phys.  Lett.  25_,  42  (1974)/ 

(b)  Special  Report  No.  2 (AFC RL-TR- 74-0206 ) , April  1974. 

6.  D.  Y.  Yang,  W.  C.  Johnson,  and  M.  A.  Lampert,  "Scanning  Electron 

Micrographs  of  Self-Quenched  Breakdown  Regions  in  Al-SiO  -(100)  Si 
Structures."  2 

(a)  Appl.  Phys.  Lett.  25,  140  (1974). 

(b)  Special  Report  No.  3 (AFCRL-TR-74-02 78) , June  1974. 

7.  W.  C.  Johnson  and  W.  R.  Bottoms,  "Study  of  Electronic  Transport  and 
Breakdown  in  Thin  Insulating  Filma,"  Semi-Annual  Technical  Report  No. 

4 (AFCRL-TR-74-0574) , July  1974. 

8.  Z.  A.  Weinberg,  "High-Field  Transport  in  SiO  Films  on  Silicon  Induced 
by  Corona  Charging,"  Ph.D.  Dissertation,  Princeton  University,  Sept. 

1974. 

9.  D.  Y.  Yang,  W.  C.  Johnson,  and  M.  A.  Lampert,  "A  Study  of  the  Dielectric 
Breakdown  of  SiO  Films  on  Si  by  the  Self-Quenching  Technique,"  Special 
Report  No.  4 rAFCRL-TR-74-U516) , October  1974.  (This  Special  Report 
was  based  on  D.  Y.  Yang's  doctoral  dissertation.) 

10.  Z.  A.  Weinberg,  D.  L.  Matthies,  W.  C.  Johnson,  and  M.  A.  Lampert, 
"Measurement  of  the.  Steady-State  Potential  Difference  Across  a Thin 
Insulating  Film  in  a Corona  Discharge." 

(a)  Special  Report  No.  5 (AFCRL-TR-74-0315) , October  1974. 

(b)  Rev.  Sci.  Instrum.  46_,  201  (1975). 


-bi- 


ll . w.  C.  Johnson  at?d  W.  R.  Bottoms,  "Study  of  Electronic  Transport  and 

Breakdown  in  Thin  Insulating  Films,"  Semi- inn ual  Technical  Report  No. 

5 (AFCRL-TR-75-0157) , January  1975. 

12.  Brian  K.  Ridley,  "Mechanism  of  Electrical  Breakdown  in  Si02  Films." 

(a)  J.  Appl . Phys.  46,  998  (1975). 

(b)  Special  Report  No.  6 (AFCRL-TR-75-0182) , March  1975. 

13.  W.  R.  Bottoms,  D.  Guterman,  and  P.  Roitman,  "Contrast  Mechanisms  in 
Electron  Beam  Images  of  Interface  Structures." 

(a)  Special  Report  No.  7 (AFCRL-TR-75-0J6/) , May  1975. 

(b)  J.  Vac.  Sci.  Technol . 12,  134  (19  75). 

14.  W.  R.  Bottoms  and  D.  Guterman,  "Electron  Beam  Probe  Studies  of 
Semiconductor-Insulator  Interfaces . " 

(a)  Special  Report  No.  8 (AFCRL-TR-75-0326) , May  1975. 

(b)  J.  Vac.  Sci.  Technol.  11,  965  (1974). 

15.  N.  M.  Johnson,  W.  C.  Johnson,  and  M.  A.  Lampert,  "Electron  Trapping 

in  Aluminum-Implanted  Silicon  Dioxide  Films  on  Silicon,"  J.  Appl.  Phys. 
46,  1216  (1975)  . 

16.  C.  T.  Shih,  "A  Study  of  the  Effects  of  Low-Energy  Electron  Irradiation 
on  MOS  Capacitors,"  Ph.D.  Dissertation,  Princeton  University,  June  1975. 

17.  D.  Y.  Yang,  W.  C.  Johnson,  and  M.  A.  Lampert,  "A  Study  of  the  Dielectric 
Breakdown  of  Thermally  Grown  SiO  by  the  Self-Quenching  Technique," 

13th  Annual  Proceedings  on  Reliability  Physics  (IEEE),  p.  10  (1975). 

18.  Daniel  C.  Guterman,  "Electron-Beam  Induced  Imaging  and  Analysis  of 
Internal  Structure  in  the  Metal-Insulator-Semiconductor  Structure," 

Ph.D.  Dissertation,  Princeton  University,  November  1975. 

19.  Walter  C.  Johnson,  "Mechanisms  of  Charge  Buildup  in  MOS  Insulators," 

IEEE  Trans . Nucl.  Science  NS-22,  2144  (Dec.  1975). 

20.  Z.  A.  Weinberg,  W.  C.  Johnson,  and  M.  A.  Lampert,  "High-Field  Transport 
in  SiO  on  Silicon  Induced  by  Corona  Charging  of  the  Unmetallized 
Surface,"  J.  Appl.  Phys.  4_7,  248  (1976). 

21.  Walter  C.  Johnson,  "Study  of  Electronic  Transport  and  Breakdown  in 
Thin  Insulating  Films,"  AFCRL  Final  Technical  Report,  Contract 
F19628-72-C-0298,  February  1976. 

22.  C.  C.  Chang,  "Study  of  Lateral  Nonuniformities  and  Interface  States 
in  MIS  Structures,"  Ph.D.  Dissertation,  Department  of  Electrical 
Engineering,  Princeton  University,  March  1976. 


- 63  - 


23.  F.  S.  Lee,  "High-Field  Effects  in  SiO  Films  on  Silicon,"  Ph.D. 
Dissertation,  Department  ol  Electrical  Engineering,  Princeton  Univer- 
sity, March  1976. 

B . Other  References 

24.  M.  Lenzinger  and  E.  H.  Snow,  J.  Appl.  Phys . 40,  278  (1969). 

25.  R.  Williams  and  M.  H.  Woods,  J.  Appl.  Phys.  44,  1026  (1973). 

26.  T.  H.  DiStefano  and  M.  Shatzkes.  (a)  Appl.  Phys.  Lett.  25.,  685 

(1974).  (b)  J.  Vac.  Sci.  Technol.  12.,  37  (1975). 

27.  R.  Williams,  Phys.  Rev.  140,  A569  (1965). 

28.  A M.  Goodman,  Phys.  Rev.  144 , 588  (1966). 

29.  A.  M.  Goodman,  Phys.  Rev.  152,  780  (1966). 

30.  K.  Williams,  J.  Appl.  Phys.  32,  1491  (1966). 

31.  C.  N.  Berglund  and  R.  J.  Powell,  J.  Appl.  Phys.  42,  573  (1971). 

32.  R.  J.  Powell  and  C,  N.  Berglund,  J.  Appl.  Phys.  42,  4390  (1971). 

33.  A.  M.  Goodman,  J.  Appl.  Phys.  41,  2176  (1970). 

34.  A.  M.  Goodman,  Appl.  Phys.  Lett.  13,  275  (1968). 

35.  D.  J.  DiMaria  and  P.  C.  Arnett,  Appl.  Phys.  Lett.  2£,  711  (1975). 

36.  R.  J.  Powell,  J.  Appl.  Phys.  40,  5093  (1969). 

37.  N.  Szydlo  and  R.  Poirier,  J.  Appl.  Phys.  42,  4880  (1971). 

38.  E.  Harari,  "Charge  Trapping  Effects  in  Thin  Films  of  A1  0 and  SiO  ", 

Ph.D.  Dissertation,  Princeton  University,  Aug.  1973.  ^ ^ 

39.  Evan  0.  Kane,  Phys.  Rev.  127,  131  (1962). 

40.  R.  J.  Powell,  J.  Appl.  Phys.  41,  2424  (1970). 

41.  C.  M.  Osburn  and  E.  J.  Weitzman,  J.  Electrochem.  Soc.  119,  603  (1972). 

42.  E.  Harari,  S.  Wang,  and  B.  S.  H.  Royce,  J.  Appl.  Phys,  46,  1310  (1975). 

43.  R.  C.  Hughes,  Appl.  Phys.  Lett.  26,  436  (1975). 

44.  F.  3.  McLean,  G.  A.  Ausman,  Jr,,  H.  5.  Boesch,  Jr.,  and  J.  M.  McGarrity, 

J.  Appl.  Phys.  47,  1529  (1976). 


